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A new plane stress model of composite beams with interlayer slips is developed by the state space method. By virtue of the
method of Fourier series expansion, the solution is obtained analytically for beams with two simply supported ends, which
rigorously satisﬁes the governing equations and the speciﬁed boundary conditions. The solution includes the eﬀect of shear
deformation and is two-dimensionally exact since no Euler–Bernoulli hypothesis of the deformation is introduced, which is
usually assumed in the one-dimensional theory. The results obtained from the present two-dimensional method are com-
pared with those available in literature based on the one-dimensional theory. Parametric studies on the rigidity of the shear
connectors are also conducted.
 2006 Elsevier Ltd. All rights reserved.
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Due to the wide spread applications in engineering structures, composite members are receiving more atten-
tions from the research communities, since they are stronger, stiﬀer, and more ductile than the sum of the indi-
vidual elements. The most common applications of the composite members are steel–concrete or wood–
concrete composite beams in which the shear connectors are usually employed to provide shear connection
between the two dissimilar materials. Applications of composite members have also been found in retroﬁtting
of existing columns in recent years by partial interaction plating (Wu et al., 2003). In a composite member, lon-
gitudinal slips at the interface will occur because of ﬂexibility of the shear connectors. This phenomenon is well
known as partial-interaction. Based on Euler–Bernoulli hypothesis, the one-dimensional beam theory including
interlayer slip was proposed and used to investigate the mechanical behavior of the partial interaction compos-
ite beams (Newmark et al., 1951; Goodman, 1967; Girhammar and Gopu, 1993; Girhammar and Pan, 1993;
Wang, 1998; Fabbrocino et al., 2000; Wu et al., 2002; Seracino et al., 2004).0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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Fig. 1. Original and equivalent cross-sections of the composite beam. (a) Original cross-section and (b) equivalent cross-section.
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slender homogeneous beams, it neglects the transverse shear deformation. As a result, it may not be suﬃ-
ciently accurate when the shear deformation ﬁeld is diﬀerent from that of slender homogeneous beams. In
a composite beam the transverse shear stress ﬁeld is diﬀerent from that of the homogeneous beams due to
the existence of shear connectors that determine the interface shear. Therefore, it will be interesting and desir-
able to re-investigate the eﬀect of shear deformation on the responses of the composite beams. To this end, a
new model of plane stress, which renounces the Bernoulli–Euler hypothesis, is developed in this work to study
the eﬀect of shear deformation on the responses of the composite beams.
It is well known that a homogeneous beam with a rectangular section is usually treated as a classical example
of the plane stress problem in many textbooks of elasticity (Timoshenko and Goodier, 1970). Composite
beams, such as the composite plated concrete beams, can also be assumed and studied in the state of plane stress
(Chen et al., 2003b, 2004; Xu and Ding, in press). For a composite steel and concrete beam of Fig. 1a, the plane
stress state can be achieved by converting the section into an equivalent section of Fig. 1b. For the two sections
to be equivalent, diﬀerent elastic moduli are used for diﬀerent portions of the cross-section to satisfy the equiv-
alent law that axial stiﬀness EA and ﬂexural stiﬀness EI of each portion of the composite beam remain
unchanged. This is simply achieved by replacing the original elastic moduli E0iði ¼ 1; 2; 3; 4Þ with the equivalent
one of Ei ¼ biE0i ði ¼ 1; 2; 3; 4Þ. Additionally, the height of each portion must be retained to provide an identical
ﬂexural stiﬀness. In this way, it can be readily validated that EiAi ¼ biE0ihi ¼ E0iA0i and EiI i ¼ biE0ih3i =12 ¼
E0iI
0
i ði ¼ 1; 2; 3; 4Þ. This means that composite beams with the section of Fig. 1a and ones with the section of
Fig. 1b are equivalent in the one-dimensional beam theory. However, this conversion of cross-section may
be inadequate for problems with signiﬁcant shear lag, e.g., for beams with wide ﬂanges. Study of shear lag is
out of the scope of this work.
Although Airy stress function is usually employed to solve plane stress problems, it is not applicable to the
composite beams as slips occur at the interfaces, which couples the longitudinal displacement with the shear
stress. In this work, the state space method (Chen et al., 2003a,b; Xu and Ding, in press) is applied to the com-
posite beams and the state space formula is derived from the governing equations of plane stress problems. It
will be shown that such a mixed method is highly suitable for problems involving both displacement and stress
unknowns. For simply supported ends, the method of Fourier series expansion is employed to solve the state
space formula. The two-dimensional analytical solution is ﬁnally obtained and the mechanical behavior of the
composite beams is investigated parametrically.
2. State space formula for plane stress problems
Based on the previous analysis, a two-dimensional model is proposed for partial interaction composite
beams as shown in Fig. 2. It is assumed to have m elements in general, because some members such as the
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Fig. 2. Two-dimensional model of partial interaction composite beams.
R. Xu, Y.-F. Wu / International Journal of Solids and Structures 44 (2007) 165–175 167steel I section of the composite beam needs to be treated as multiple elements due to diﬀerent width of its
ﬂange and web (see Fig. 1). The symbols Ei, li, Gi and hi denote elastic modulus, Poisson’s ratio, shear mod-
ulus and height of element i, respectively. Without losing generality, it is further assumed that the interlayer
slips occur at the interface 1 of element 1 and 2 while the other interfaces are perfectly bonded. Rigidity of the
shear connector is denoted by ks; and p0(x) and pm(x) are the distributed loads.
The equilibrium of plane stress state in the xy-plane of element i is given by (Timoshenko and Goodier,
1970)orðiÞx
ox
þ os
ðiÞ
xy
oy
¼ 0; os
ðiÞ
xy
ox
þ or
ðiÞ
y
oy
¼ 0 ð1Þwhere rðiÞx ; r
ðiÞ
y and s
ðiÞ
xy are normal stresses and shear stress of element i, respectively. The constitutive relations
of an isotropic material are given byeðiÞx ¼
1
Ei
rðiÞx  lirðiÞy
h i
; eðiÞy ¼
1
Ei
lirðiÞx þ rðiÞy
h i
; cðiÞxy ¼
1
Gi
sðiÞxy ð2Þwhere eðiÞx ; e
ðiÞ
y and c
ðiÞ
xy are normal strains and shear strain of element i, respectively. The strains can be rendered
in terms of displacements through geometrical relation, namelyeðiÞx ¼
ouðiÞ
ox
; eðiÞy ¼
ovðiÞ
oy
; cðiÞxy ¼
ouðiÞ
oy
þ ov
ðiÞ
ox
ð3Þin which u(i) and v(i) signify the longitudinal and transverse displacements of element i, respectively. Eliminat-
ing the strain components using Eqs. (2) and (3) yieldsouðiÞ
ox
¼ 1
Ei
rðiÞx  lirðiÞy
h i
;
ovðiÞ
oy
¼ 1
Ei
lirðiÞx þ rðiÞy
h i
;
ouðiÞ
oy
þ ov
ðiÞ
ox
¼ 1
Gi
sðiÞxy ð4ÞNow the governing Eqs. (1) and (4) of the problem include three stresses, rðiÞx ; r
ðiÞ
y ; s
ðiÞ
xy , and two displacements,
u(i) and v(i). In the following, Eqs. (1) and (4) are rearranged into a so-called state space formula (Chen et al.,
2003a,b, 2004; Xu and Ding, in press) through substitutions and simpliﬁcations. Firstly, the last one of Eq. (4)
and the second one of Eq. (1) are rewritten asouðiÞ
oy
¼  ov
ðiÞ
ox
þ 1
Gi
sðiÞxy ð5Þ
orðiÞy
oy
¼  os
ðiÞ
xy
ox
ð6Þ
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oy
¼ Ei o
2uðiÞ
ox2
 li
orðiÞy
ox
ð7ÞIn a similar manner, after the stress rðiÞx is eliminated from the ﬁrst two of Eq. (4), the displacement v
(i) can be
expressed in terms of u(i) and rðiÞy , which isovðiÞ
oy
¼ li
ouðiÞ
ox
þ 1 l
2
i
Ei
rðiÞy ð8ÞFinally, Eqs. (5)–(8) are rearranged and rendered in terms of matrix form, as followso
oy
uðiÞ
rðiÞy
vðiÞ
sðiÞxy
8>>><
>>:
9>>>=
>>;
¼
0 0 o=ox 1=Gi
0 0 0 o=ox
lio=ox ð1 l2i Þ=Ei 0 0
Eio2=ox2 lio=ox 0 0
2
6664
3
7775
uðiÞ
rðiÞy
vðiÞ
sðiÞxy
8>>><
>>:
9>>>=
>>;
ð9Þwhich is called state space formula of plane stress problem of element i and the quantities u(i), rðiÞy , v
(i) and sðiÞxy
are referenced as state variables. Another stress rðiÞx is called derived variable and can be expressed in terms of
the state variables u(i) and rðiÞy from the ﬁrst one of Eq. (4) asrðiÞx ¼ Ei
ouðiÞ
ox
þ lirðiÞy ð10ÞThus, the initial governing Eqs. (1) and (4) become the state space formula (9) and the auxiliary Eq. (10),
which is more convenient to solve for the problem of laminated or composite beams.
3. Solution of the state space formula
If the beam is simply supported at the two ends, the boundary conditions arevðiÞ ¼ 0; rðiÞx ¼ 0 for x ¼ 0 and x ¼ l ð11Þ
The above boundary conditions are applicable to each element in the y-direction. It is therefore more
rigorous than that of the one-dimensional beam theory in which a beam is only supported in a point-wise
manner. Thus, the state variables can be expanded in the Fourier seriesuðiÞ ¼ h0
X1
n¼1
U ðiÞn ðfÞ cosðnpnÞ; rðiÞy ¼ E0
X1
n¼0
rðiÞn ðfÞ sinðnpnÞ
vðiÞ ¼ h0
X1
n¼0
V ðiÞn ðfÞ sinðnpnÞ; sðiÞxy ¼ E0
X1
n¼0
sðiÞn ðfÞ cosðnpnÞ
ð12Þwhere h0 and E0 are two parameters that have the dimension of length and stress, respectively. They are used
to emphasize the dimension of displacements and stresses. The symbol n and f are the non-dimensional coor-
dinates corresponding to x and y, which are deﬁned asn ¼ x=l; f ¼ y=h ð13Þ
Substituting Eq. (12) into Eq. (9) givesd
df
U ðiÞn
rðiÞn
V ðiÞn
sðiÞn
8>><
>>:
9>>=
>>;
¼
0 0 an 1=Gi
0 0 0 an
lian 1 l2i
 
=Ei 0 0
Eia2n lian 0 0
2
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3
7775
U ðiÞn
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V ðiÞn
sðiÞn
8>><
>>:
9>>=
>>;
ðn ¼ 1; 2; . . . ;1Þ ð14Þ
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The stress rðiÞx is obtained by substituting Eq. (12) into Eq. (10) to giverðiÞx ¼ E0
X1
n¼0
anEiU ðiÞn ðfÞ þ lirðiÞn ðfÞ
 
sinðnpnÞ ð16ÞConsequently, it is readily found that the boundary conditions at the two ends are satisﬁed. Eq. (14) is an or-
dinary diﬀerential equation set and its solution is given byU ðiÞn ðfÞ
rðiÞn ðfÞ
V ðiÞn ðfÞ
sðiÞn ðfÞ
8>><
>>:
9>>=
>>;
¼ e½Kiðffi1Þ
U ðiÞn ðfi1Þ
rðiÞn ðfi1Þ
V ðiÞn ðfi1Þ
sðiÞn ðfi1Þ
8>><
>>:
9>>=
>>;
ðf 2 ½fi1; fiÞ ð17Þin which f0 = 0, fi = (h1 + h2 + . . . + hi)/h (i = 1,2, . . . ,m) and the matrix [Ki] is the coeﬃcient matrix of Eq.
(14), namely,½Ki ¼
0 0 an 1=Gi
0 0 0 an
lian ð1 l2i Þ=Ei 0 0
Eia2n lian 0 0
2
6664
3
7775 ð18ÞEq. (17) establishes a relation of the state variables at the location of fi1 to f of element i. The exponent func-
tion of the matrix [Ki] is also a matrix, which is known as the transfer matrix through which the state variables
are transferred from fi1 to f.
For the composite beam as shown in Fig. 2, the compatibility conditions with interlayer slips at interface 1
arevð2Þðf1Þ ¼ vð1Þðf1Þ; rð2Þy ðf1Þ ¼ rð1Þy ðf1Þ; ks½uð2Þðf1Þ  uð1Þðf1Þ ¼ sð2Þxy ðf1Þ ¼ sð1Þxy ðf1Þ ð19Þand the continuous conditions of other perfectly bonded interfaces areuðiþ1ÞðfiÞ ¼ uðiÞðfiÞ; vðiþ1ÞðfiÞ ¼ vðiÞðfiÞ
rðiþ1Þy ðfiÞ ¼ rðiÞy ðfiÞ; sðiþ1Þxy ðfiÞ ¼ sðiÞxy ðfiÞ
ði ¼ 2; 3; . . . ;m 1Þ ð20ÞThey can also be expanded in terms of trigonometric series same as Eq. (12). Thus, the equivalent expressions
of Eqs. (19) and (20) can be rewrittenU ð2Þn ðf1Þ
rð2Þn ðf1Þ
V ð2Þn ðf1Þ
sð2Þn ðf1Þ
8>><
>>:
9>>=
>>;
¼
1 0 0 E0=ðksh0Þ
0 1 0 0
0 0 1 0
0 0 0 1
2
6664
3
7775
U ð1Þn ðf1Þ
rð1Þn ðf1Þ
V ð1Þn ðf1Þ
sð1Þn ðf1Þ
8>><
>>:
9>>=
>>;
ð21ÞandU ðiþ1Þn ðfiÞ ¼ U ðiÞn ðfiÞ; V ðiþ1Þn ðfiÞ ¼ V ðiÞn ðfiÞ
rðiþ1Þn ðfiÞ ¼ rðiÞn ðfiÞ; sðiþ1Þn ðfiÞ ¼ sðiÞn ðfiÞ
ð22Þrespectively. If the shear rigidity of the shear connector is inﬁnite, i.e., ks !1, the continuous conditions (21)
are reduced to the same form as Eq. (22), which corresponds to the full interaction interfaces.
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which isU ðiÞn ðfiÞ
rðiÞn ðfiÞ
V ðiÞn ðfiÞ
sðiÞn ðfiÞ
8>><
>>:
9>>=
>>;
¼ ½Ti
U ðiÞn ðfi1Þ
rðiÞn ðfi1Þ
V ðiÞn ðfi1Þ
sðiÞn ðfi1Þ
8>><
>>:
9>>=
>>;
ð23Þwhere the transfer matrix [Ti] is given by½Ti ¼ e½KiDfi ð24Þ
in which Dfi = hi/h (i = 1,2, . . . ,m). By employing Eqs. (21) and (22), the following relations of the state vari-
ables at the top and bottom surfaces of the beam are obtained asU ðmÞn ð1Þ
rðmÞn ð1Þ
V ðmÞn ð1Þ
sðmÞn ð1Þ
8>><
>>:
9>>=
>>;
¼ ½Tm½Tm1    ½T2½C½T1
U ð1Þn ð0Þ
rð1Þn ð0Þ
V ð1Þn ð0Þ
sð1Þn ð0Þ
8>><
>>:
9>>=
>>;
ð25Þwhere matrix [C] is the coeﬃcient matrix of Eq. (21).
Since Eq. (25) has four equations with eight variables, complemental conditions are necessary, which are
the boundary conditions at the top and the bottom surfaces of the beam. In general, external forces are applied
on these surfaces as shown in Fig. 2, namely,ry jy¼0 ¼ p0ðxÞ; ry jy¼h ¼ pmðxÞ; sxy jy¼0 ¼ 0; sxy jy¼h ¼ 0 ð26Þ
For application of these conditions to Eq. (25), they should also be expanded into Fourier series, which arep0 ¼ E0
X1
n¼0
P ð0Þn sinðnpnÞ; pm ¼ E0
X1
n¼0
P ðmÞn sinðnpnÞ ð27Þin which the coeﬃcients P ð0Þn and P
ðmÞ
n are determined byP ð0Þn ¼
2
E0
Z 1
0
p0ðnLÞ sinðnpnÞdn; P ðmÞn ¼
2
E0
Z 1
0
pmðnLÞ sinðnpnÞdn ð28ÞConsequently, the load conditions at the top and the bottom surfaces becomerð1Þn ð0Þ ¼ P ð0Þn ; rðmÞn ð1Þ ¼ P ðmÞn ; sð1Þn ð0Þ ¼ 0; sðmÞn ð1Þ ¼ 0 ð29Þ
Substitution of Eq. (29) into Eq. (25) yieldsU ðmÞn ð1Þ
P ðmÞn
V ðmÞn ð1Þ
0
8>><
>>:
9>>=
>>;
¼ ½T
U ð1Þn ð0Þ
P ð0Þn
V ð1Þn ð0Þ
0
8>><
>>:
9>>=
>>;
ð30Þwhere the matrix [T] = [Tm][Tm1]  [T2] [C][T1]. Rearranging the second and fourth of the above equation
givesT 21 T 23
T 41 T 43
 
U ð1Þn ð0Þ
V ð1Þn ð0Þ
( )
¼ T 22P
ð0Þ
n þ P ðmÞn
T 42P ð0Þn
( )
ð31Þin which Tij denotes the element located at the ith row and jth column of the matrix [T]. The unknowns
U ð1Þn ð0Þ and V ð1Þn ð0Þ can then be readily obtained from Eq. (31). Consequently, the state variables at the inter-
face and the state variables elsewhere in the composite beam can be determined by employing Eq. (17). Sub-
sequently, the derived variable rx is computed from Eq. (10).
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method. Since hypothesis on deformation, which is usually introduced in one-dimensional theory, is not
adopted, the proposed method can be used to ﬁnd more realistic distributions of the lateral and longitudinal
deformations in the partial interaction composite beams. As a result, this work is of great interest and impor-
tance, because it can verify and validate the reasonability or precision of the one-dimensional theory.
4. Numerical examples and discussions
Example 1. Consider a partial interaction composite beam of concrete and wood studied by Girhammar and
Gopu, 1993) with the one dimensional theory as shown in Fig. 3. The beam is loaded by a uniform transverse
pressure p = 1 kN/m. For the sake of comparison, the elastic moduli of the concrete and wood are also taken
from Girhammar and Gopu (1993), which are Ec = 12 GPa and Ew = 8 GPa, respectively. Poisson’s ratios are
taken as lc = 0.2 and lw = 0.3 for concrete and wood, respectively. The total height and length of the beam
are denoted by h and l, respectively. The shear rigidity of the shear connector is ks = 50 MPa.1p kN m=
l
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h
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Fig. 3. A simply supported composite beam of concrete and wood (all dimensions in m).
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Fig. 4. Convergence of the trigonometric series (l/h = 20).
Table 1
Maximum deﬂection vmax of beam (mm)
l/h Present (v2D) One-dimension (v1D) (Girhammar and Gopu, 1993) Relative error (%) (v1D  v2D)/v2D · 100
20 7.6204 7.5599 0.7939
10 0.7315 0.7172 1.9549
5 0.0700 0.0665 5.0000
4 0.0318 0.0296 6.9182
Table 2
Maximum shear force of shear connectors sxymax (kN/m)
l/h Present (s2D) One-dimension (s1D) (Girhammar and Gopu, 1993) Relative error (%) (s1D  s2D)/s2D · 100
20 11.4292 11.4440 0.1295
10 4.0358 4.0459 0.2503
5 0.9585 0.9630 0.4695
4 0.5511 0.5540 0.5262
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convergence of the series should ﬁrstly be examined for numerical calculations. Fig. 4 shows the fact that the
displacements and stresses converge numerically. The relative errors are less than 0.0001% when the ﬁrst 15
terms in the series are taken into account. As a result, the term number of the series is taken as 15 in this
numerical example.
Tables 1 and 2 list the maximum deﬂection and shear force of the shear connectors obtained from the
present two-dimensional theory and one-dimensional beam theory (Girhammar and Gopu, 1993), respec-
tively. In the example, the height of the beams and the load are taken constant, while the length of the beams is
varied. It is clearly seen that the relative error of both deﬂection and shear force increase with the decrease of
the length-to-height ratio l/h. Since the transverse shear deformation is neglected in one-dimensional beam
theory, the obtained deﬂection is always less than those from the present two-dimensional theory, which is
illustrated in Table 1. It also shows the fact that the absolute value of the relative error of deﬂection is less than
5% when the length-to-height ratio l/hP 5. On the other hand, the one-dimensional shear forces of the shear
connectors are always larger than those obtained from the present method in Table 2. Additionally, the
relative errors in Table 2 are always less than 1% even for a small length-to-height ratio l/h = 4.
Tables 3 and 4, respectively, show the minimum compressive and maximum tensile normal stress in
longitudinal direction rx at the top and bottom surfaces of the beam. The absolute values of the relative errorsTable 4
Maximum normal stress in longitudinal direction rxmax(MPa)
l/h Present (r2D) One-dimension (r1D) (Girhammar and Gopu, 1993) Relative error (%) (r1D  r2D)/r2D · 100
20 4.4386 4.4367 0.0428
10 1.3436 1.3423 0.0968
5 0.4202 0.4203 0.0238
4 0.2828 0.2832 0.1414
Table 3
Minimum normal stress in longitudinal direction rxmin(MPa)
l/h Present (r2D) One-dimension (r1D) (Girhammar and Gopu, 1993) Relative error (%) (r1D  r2D)/ r2D · 100
20 2.2255 2.2184 0.3190
10 0.6780 0.6711 1.0177
5 0.2165 0.2102 2.9099
4 0.1479 0.1416 4.2596
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shown in Table 4.
From the above mentioned discussion, it is concluded that the stresses, including shear and normal stress,
obtained by the one-dimensional partial interaction composite beam theory, are more precise than the
deﬂection. Moreover, the one-dimensional theory always underestimates the deﬂection of the beam due to the
neglect of the shear deformation. On the other hand, the one-dimensional theory overestimates the shear force
of the shear connectors. However, the relative error is less than 1%.
Example 2. Consider a simply supported composite beam of concrete and steel subjected to sinusoidal load
with amplitude of 15 kN/m as shown in Fig. 5. The elastic moduli and Poisson’s ratios are Ec = 8.5 GPa,
lc = 0.2, Es = 210 GPa and ls = 0.3 for concrete and steel, respectively. The length of the beam l = 6 m
and the shear rigidity of the shear connectors is denoted by ks.
For the sinusoidal load as shown in Fig. 5, only the ﬁrst term of the trigonometric series in Eqs. (12), (16)
and (27) is suﬃcient, i.e. the numerical convergence does not need to be considered as in Example 1. Fig. 6
shows the variation of the shear stress sxy(0,y) of the equivalent cross-section of the original beam (see Fig. 5)
along the thickness direction for three different shear rigidities ks = 40, 400, 4000 MPa of shear connectors.
The shear force at the partially interacted interface increases along with the rigidity of the shear connectors
while the shear force of the web decreases. The interlayer slips at the partially interacted interface vary in the
longitudinal direction of the beam as shown in Fig. 7. Due to the symmetry of the load and the structure, the1.50
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174 R. Xu, Y.-F. Wu / International Journal of Solids and Structures 44 (2007) 165–175interlayer slip is antisymmetric with respect to the mid-span of the beam. It is apparent that the maximal
interlayer slips occur at the end of the beam and increases with the decrease of rigidity of shear connectors.
Fig. 8 shows that the maximum deﬂection of the beam varies with diﬀerent rigidity ks of shear connectors. It
can be found that the value of ks signiﬁcantly affects the ﬂexural stiffness of the partial interaction composite
beam when 4 MPa < ks < 400 MPa and leads to the variation of the maximum deﬂection of the beam from
about 23 mm to 11 mm. On the other hand, the curve of the maximum deﬂection in Fig. 8 approaches a
horizontal line for ks > 400 MPa. It implies that the rigidity ks = 400 MPa is an economical value from the
view point of ﬂexural stiffness, because further increase in rigidity of shear connectors has little effect on the
deﬂection of the beam when ks > 400 MPa.5. Conclusions
A new plane stress model of composite beams with interlayer slips is developed and solved by the state
space method. The solution is obtained with the method of Fourier series expansion for beams with two sim-
ply supported ends, which rigorously satisﬁes the governing equations and speciﬁed boundary conditions.
Thus, it is two-dimensionally exact since no Euler–Bernoulli hypothesis of the deformation is introduced.
R. Xu, Y.-F. Wu / International Journal of Solids and Structures 44 (2007) 165–175 175The results obtained from the present two-dimensional analysis are compared with those based the on one-
dimensional theory. It can be concluded that the one-dimensional theory underestimates the deﬂection of the
composite beams due to neglect of shear deformation. However, the relative error of deﬂection is less than 5%
if the length-to-height L/h > 5.
The eﬀects of rigidity of shear connectors on the interlayer slips, transverse shear stress and the deﬂection of
the composite beams are also investigated. The shear force produced by the shear connectors increases with
the increase in rigidity of shear connectors. It can also be found that the rigidity of shear connectors signiﬁ-
cantly aﬀects the ﬂexural stiﬀness of the partial interaction composite beams if the value of rigidity locates
within a certain range. This also implies that the rigidity of shear connectors has an economical upper bound
above which no signiﬁcant gain on the ﬂexural stiﬀness of the composite beams will be obtained.
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